Abstract. Nighttime chemistry in polluted regions is dominated by the nitrate radical (NO 3 ) including its direct reaction with natural and anthropogenic hydrocarbons, its reaction with NO 2 to form N 2 O 5 , and subsequent reactions of N 2 O 5 to form HNO 3 and chlorine containing photolabile species. We report nighttime measurements of NO 3 , NO 2 , and O 3 , in the polluted marine boundary layer southwest of Vancouver, BC during a three week study in the summer of 2005. The concentration of N 2 O 5 was calculated using the well known equilibrium, NO 3 +NO 2 N 2 O 5 . Median overnight mixing ratios of NO 3 , N 2 O 5 and NO 2 were 10.3 ppt, 122 ppt and 8.3 ppb with median N 2 O 5 /NO 3 molar ratios of 13.1 and median nocturnal partitioning of 4.9%. Due to the high levels of NO 2 that can inhibit approach to steady-state, we use a method for calculating NO 3 lifetimes that does not assume the steady-state approximation. Median and average lifetimes of NO 3 in the NO 3 -N 2 O 5 nighttime reservoir were 1.1-2.3 min. We have determined nocturnal profiles of the pseudo first order loss coefficient of NO 3 and the first order loss coefficients of The range of maximum 1-h average O 3 increase attributable to the correlation is O 3 = +1.1 to +8.3 ppb throughout the study for the average of 20 stations, although higher increases are seen for stations far downwind of the coastal urban area. The correlation is still statistically significant on the second day after a nighttime accumulation, but with a different spatial pattern favouring increased O 3 at the coastal urban stations, consistent with transport of polluted air back to the coast.
Introduction
It has long been recognized that radicals are important initiators of chemical reactions in the atmosphere. While the hydroxyl radical (OH) dominates the daytime chemistry of both clean and polluted atmospheres , the nitrate radical (NO 3 ) is found to be an important radical initiator and intermediate in the conversion of NO x (NO+NO 2 ) to nitric acid (HNO 3 ). The first measurements of NO 3 in the polluted troposphere were made by differential optical absorption spectroscopy (DOAS) in continental North America with levels greater than 300 ppt ob4188 R. McLaren et al.: NO 3 radical measurements in a polluted marine environment other initiators. For example, in the marine boundary layer (MBL) of the North Atlantic, it has been shown that NO 3 is a more efficient sink for dimethyl sulphide (DMS) at night than OH is during the day (Allan et al., 2000) . In the continental boundary layer of Europe, it was found that the relative 24-h average contribution of NO 3 -initiated oxidation of all VOCs was 28%, compared to 55% for OH and 17% for O 3 (Geyer et al., 2001 ). In the Northeast US, it was found that approximately 20% of isoprene, the single largest VOC emission to the atmosphere on a global scale, is oxidized by NO 3 at night despite its dominant emission during the day, and that secondary organic aerosol mass derived from NO 3 -initiated isoprene oxidation at night exceeded that initiated by OH by 50% .
It is well known that NO 3 reacts reversibly with NO 2 to form dinitrogen pentoxide (N 2 O 5 ), and that the hydrolysis of N 2 O 5 on aerosols is an important global pathway for the conversion of NO x to nitric acid (HNO 3 ) (Dentener and Crutzen, 1993) . It has also been known for some time that N 2 O 5 can react with sea salt to form ClNO 2 (FinlaysonPitts et al., 1989) . Recent observations of high levels of ClNO 2 at night exceeding 1 ppb in the marine boundary layer were linked to N 2 O 5 reactions . Recent observations of Cl 2 in the marine boundary layer at levels up to 150 ppt (Spicer et al., 1998; Finley and Saltzman, 2006) have several possible mechanistic sources including a daytime photolytic source involving a surface mediated reaction of OH on sea salt aerosols (Knipping et al., 2000) , dark reactions of ClONO 2 with NaCl (Finlayson-Pitts et al., 1989) , and more recently, the production of Cl 2 arising from N 2 O 5 reactions on acidic aerosols through the ClNO 2 intermediate . Studies have also shown that N 2 O 5 and NO 2 can react heterogeneously with HCl on surfaces to produce ClNO 2 and ClNO respectively (Raff et al., 2009) . All three of the previously mentioned chlorine species, ClNO 2 , Cl 2 and ClNO, are photolabile and capable of accumulating overnight. Upon photolysis during the day, these photolabile species will release Cl radicals that are very reactive with many trace gases. Several recent modelling studies have suggested that the release of Cl radicals from these photolabile species can contribute to enhanced O 3 formation in coastal urban regions (Knipping and Dabdub, 2003; Finley and Saltzman, 2006; Osthoff et al., 2008; Simon et al., 2009; Raff et al., 2009) .
The Lower Fraser Valley (LFV), straddling the Canada/USA border in western North America and containing the city of Vancouver, is an example of a coastal urban area. The meteorology and air quality in the LFV is complicated by the influence of surrounding mountains and the Pacific Ocean to the west. The valley has been the subject of major field studies (Steyn et al., 1997; Li, 2004) and modeling studies (Hedley et al., 1997; Hedley et al., 1998) whose objectives were to further our understanding of O 3 and aerosol formation and transport in the region. A common transport scenario that can often be seen in multiple day smog episodes in the region is: (i) sea breezes carrying urban emissions into the valley, (ii) outflow of polluted air via land breezes at night into the MBL, (iii) stagnation of polluted air in the MBL overnight, and iv) transport of the overnight processed air back into the valley the next day via sea breezes again. The stagnation effect in the Strait has been noted previously and has been described as the wake induced stagnation effect (Brook et al., 2004) . The nocturnal chemistry that may be occurring in the Strait has not been previously addressed.
In this paper, we describe our analysis of data collected during a limited "scoping study" that took place for 3 weeks in the summer of 2005. The primary purpose of the study was to measure nighttime NO 3 and NO 2 and to determine the levels of N 2 O 5 in the MBL at a suitable location in the Strait of Georgia where nighttime pooling of pollutants may occur, in order to assess the role of nighttime chemistry, halogen activation and its link to air quality in the LFV. The study was also supported by daytime measurements of various trace gases by multiple-axis DOAS (MAX-DOAS), which will not be discussed here.
Nighttime chemistry
Important reactions involved in the formation and loss of NO 3 (Reaction R1) . During the daytime, NO 3 rapidly photolyzes (Reaction R3) via two channels at wavelengths less than 640 nm. Channel (Reaction R3a) is dominant, giving rise to a daytime lifetime of NO 3 of several seconds at solar noon (Orlando et al., 1993) and ultimately resulting in low levels of NO 3 during the daytime, typically less than a few ppt (Platt et al., 1980) . Reaction of NO 3 with NO (Reaction R4) is also fast. Since NO x (NO+NO 2 ) from combustion sources is primarily emitted as NO (>90% typically), NO 3 losses from this reaction will be large close to these sources, although the NO can also react quickly with O 3 (Reaction R5) or peroxy radicals (R6) to produce NO 2 . At typical background levels of O 3 in the troposphere (40 ppb), the lifetime of NO due to reaction with O 3 is 56 seconds at 298K. NO will be quantitatively (>99%) converted to NO 2 in 3-5 minutes at this rate, provided that the emission of NO does not consume the O 3 . Other direct losses of NO 3 include abstraction and addition reactions with VOCs (Reaction R7). Such reactions can yield oxygenated organic products that are condensable on particles . The reactions of NO 3 with VOCs are generally slower than equivalent reactions with the hydroxyl radical (OH) or atomic chlorine (Cl), although certain reactions are extremely fast, including reactions with alkenes, cresols, isoprene , monoterpenes (Wängberg et al., 1997a) and dimethylsulphide (Reaction R8), the last being naturally emitted from oceanic biota. Another significant loss mechanism for NO 3 is the reversible 3-body formation of dinitrogen pentoxide, N 2 O 5 (Reaction R2). This reaction is reversible because of the thermal decomposition of N 2 O 5 (Reaction R2), yielding a highly temperature dependent equilibrium between NO 3 , NO 2 , and N 2 O 5 (Wängberg et al., 1997b) . The temperature equilibrium constant is given by:
The equilibrium is favoured to the right under conditions of high NO 2 , allowing a buildup of significant levels of N 2 O 5 , which can act as a nighttime reservoir of NO x . Because an equilibrium exists (Reactions R2f, R2r), direct losses of N 2 O 5 are also indirect losses of NO 3 . These indirect losses of NO 3 include heterogeneous reactions of N 2 O 5 on moist particles to form nitric acid and particle nitrate (Reaction R9) and homogeneous reaction with water to form gaseous nitric acid (Reaction R10). Nitric acid is lost due to multiple processes including dry and wet deposition, photolysis, and reaction with NH 3 to form particulate ammonium nitrate. It was shown some time ago that both N 2 O 5 and ClONO 2 can react individually with NaCl(s) to form nitryl chloride, ClNO 2 (Reaction R11) and molecular chlorine, Cl 2 , respectively (Finlayson-Pitts et al., 1989) . The exact mechanism T31   T15   T32  T14   T20 T30   T26 T6   T4  T2 for production of Cl 2 in coastal areas is the subject of intense research at this time. It was recently shown by Roberts et al. (2008) that N 2 O 5 can oxidize Cl − to Cl 2 in acidic aerosols through acid assisted reaction of the ClNO 2 intermediate with Cl − , and they have proposed a two step mechanism (Reactions R12a, R12b). Both products, ClNO 2 and Cl 2 , are chlorine atom precursors that can photolyze at sunrise to generate the reactive chlorine atom (Reactions R13, R14). The chlorine atoms in turn can contribute to ozone formation through their reaction with VOCs (Finlayson-Pitts, 2003) .
Experimental

Location
The map in Fig. 1 indicates the location of the study. Instrumentation was located at East Point, Saturna Island. Saturna Island is one of the Gulf Islands in the Strait of Georgia, situated at the confluence of the northwest-southeast and northeast-southwest arms of the Strait. (Environment Canada, 2008) . Also located on the Island is a Canadian Air and Precipitation Monitoring (CAPMon) network station operated by Environment Canada. The NO 2 measured at this station was performed with a chemiluminescence (NO x ) instrument retrofit with a photolytic converter, for measurement of "true" NO 2 . The station is located 6 km west of the East Point location at an altitude of 200 m a.s.l. on the south side of the island. The maximum elevation of Saturna Island is 400 m a.s.l. The Gulf islands are moderately contoured and can act as barriers to surface air flow in the marine layer. Measurements were made from 23 July-9 August 2005. Sunset and sunrise times at this location during the period were 08:51 p.m. (±11 min) and 5:46 a.m. (±11 min) respectively.
The Greater Vancouver Regional District (GVRD) operates a network of air quality monitoring stations (19 stations in 2005) throughout the LFV with continuous observations of O 3 , NO x and other pollutants using standard instrumentation and methodologies. In particular, the NO x instruments are standard chemiluminescence instruments with Mo converters. As such, the reported NO 2 is a maximum estimate as it may contain some oxidized NO y components. This artifact is less significant for the more urban stations where we expect NO y is >90% NO x (NO+NO 2 ). The locations of the stations in the network are shown in Fig. 1 . Hourly average data from the network was provided by the GVRD.
DOAS measurements
DOAS measurements were made using a modified DOAS 2000 Instrument (TEI Inc.), Fig. 2 . The instrument utilizes a 150 W high pressure Xe-arc lamp and a coaxial Cassegrain telescope. The outgoing beam is collimated by the outer portion of the 8 primary telescope mirror. The beam traverses through the open atmosphere and is reflected from a retro reflector composed of 7×2 corner cube reflectors. The DOAS retro reflector was located on Tumbo Island (Fig. 1 inset) at an elevation of 6 m a.s.l. The total path length was 2.407 km with the majority of the path (2.1 km) over the ocean at a mean elevation of 15 m a.s.l. The return beam is focused by the inner portion of the primary mirror onto a modified detector system including a bifurcated quartz fiber optic (Ocean Optics) with dual 400 µm fibers, each fiber leading to a different fiber optic spectrometer. One spectrometer was optimized for NO 2 and UV absorption features (USB2000, Grating #10, 295-492 nm, 1800 lines mm −1 , 2048 element CCD, 25 µm slit, UV2 upgrade, L2 lens) with optical resolution of ∼ 0.5 nm; and one was optimized for NO 3 absorption in the red end of the visible spectrum (S2000, λ blaze =750 nm, 550-835 nm, 1200 lines mm −1 , 2048 element CCD, 25 µm slit, L2 lens) with an optical resolution of ∼0.6 nm. A small diffuser was installed in the entrance end of the fiber to lower atmospheric turbulence noise (Stutz and Platt, 1997) . The spectrometers were cooled to −5 • C in a portable freezer.
For the NO 3 measurements (S2000), data was collected with OOIBase32 software. Typical integration times were 25-30 ms. Averages of 30 000 spectra were computed and streamed to disk, resulting in a time resolution of ca 8-15 min when visibility was good. For the NO 2 measurements (USB2000), custom acquisition software was written in LabView to acquire spectra with typical integration times of 200-300 ms, and 2500 averages for spectra with a time resolution of 8-12 min. Mercury lamp reference spectra were collected periodically for wavelength calibration and for convoluting molecular reference spectra to the slit function of the spectrometer. Xenon lamp spectra were collected for use in fitting to the measured spectra. Each ambient spectrum was also corrected for electronic offset and dark noise.
The averaged spectra were fit using DOASIS software (Kraus, 2006) . For NO 3 , typical fit scenarios included a convoluted NO 3 reference spectrum at 298 K (Yokelson et al., 1994) , a convoluted water spectrum (Coheur et al., 2002) , a Xe lamp spectrum in the region from 617-673 nm and a third order polynomial. The NO 3 mixing ratios were not corrected for the temperature dependence of the NO 3 cross section , although the change in the peak cross section of NO 3 at 662 nm over the temperature range of this study varies by only ±1.9%. It was found that better results were generally obtained by using an early evening or early morning ambient spectrum, at a time when NO 3 is determined to be negligible, in place of a lamp reference spectrum (Platt, 1994) . The presence of two strong absorption features at 623 and 662 nm were used to qualitatively identify the presence of NO 3 . For NO 2 , fit scenarios included a lamp reference spectrum, a convoluted spectrum of NO 2 (Voigt et al., 2002) confirmed that our DOASIS retrieval methods were accurate to within 10% for NO 2 mixing ratios from 1-100 ppb. Detection limits for NO 3 and NO 2 were 4 ppt and 2 ppb respectively, taken as 2σ in the residuals of the fit. Ozone was also measured by DOAS by fitting the nighttime spectra collected with the UV spectrometer in the region of 316.8-329.9 nm. The fit included a reference spectrum for O 3 (Bogumil et al., 2001) , one for NO 2 , a Xe lamp spectrum and third order polynomial. This region is not the ideal region for measurement of O 3 by DOAS, as the differential absorption cross sections are relatively small. Despite this, O 3 was measurable with uncertainties of ±5 ppb simultaneously in the same path as NO 2 and NO 3 . This O 3 data set was preferred compared to the use of the O 3 measurements from the CAPMon station 6 km away due to the observation of differences in NO 2 pollutant levels on the north and south sides of the island. Overall the average nighttime O 3 levels at East Point were 5.5 ppb lower than those measured at the CAPMon station. Table 1 , along with other important meteorological observations that are relevant for formation and loss of NO 3 and N 2 O 5 . Maximum mixing ratios of NO 3 (8-15 min average) were above 20 ppt every night. The range of nightly maximum levels was 22-57 ppt, with an average nightly maximum level of 40.0 ppt, roughly consistent with the 95th percentile of all observations of 38.4 ppt. The average and median for all nighttime observations of NO 3 were 13.1 ppt and 10.2 ppt, respectively. Measurements of NO 3 were not made during the day as they are generally below the detection limit. Thus, median and average NO 3 mixing ratios relevant for 24 h periods would be approximately half the values stated above, 5.1-6.5 ppt.
A nocturnal profile for NO 3 , based on 30 min time bins of all observations, is given in Fig. 4 . The profile shows mixing ratios of NO 3 increasing after sunset with a maximum between midnight and 1 am (25th, 50th, 75th percentiles and average). NO 3 slowly decays after that time until sunrise, when it approaches zero. The central values and range of concentrations we report here are similar to values reported in summer time in other marine areas (Vrekoussis et al., 2007) . Despite the higher NO 2 levels in this region that would increase the production rate of NO 3 via R1, the levels of NO 3 are not necessarily higher than seen in other less polluted areas. This is due to the subsequent loss of NO 3 to form N 2 O 5 via reaction (Reaction R2f), also proportional to NO 2 , rendering NO 3 insensitive to NO 2 as a first approximation. Nighttime ozone levels were generally low at East Point, with median values of 24.9 ppb, marginally less than the 30.4 ppb observed at the CAPMon station. Despite this, the nighttime median ozone levels at East Point were significantly higher than those observed at all monitoring stations in the LFV mainland, where the range was 1.0-18.5 ppb for 19 stations. Frequent titrations of ozone to zero are observed at the mainland stations at night, due to a combination of anthropogenic emissions of NO x from on-road vehicles in a shallow nocturnal inversion layer, and high rates of deposition over continental surfaces. Deposition velocities of ozone over water are known to be significantly smaller.
Nighttime levels of NO 2 at East Point were quite high for the MBL, as indicated in Fig. 3 and Table 1 . Median and average nighttime levels were 8.3 ppb and 10.3 ppb respectively. These levels of NO 2 are much higher than those reported in many recent studies of nighttime chemistry in the MBL (Allan et al., 2000; Martinez et al., 2000; Vrekoussis et al., 2004; Matsumoto et al., 2006; Vrekoussis et al., 2007) . Although vehicular traffic is minimal on the island, the proximity of Saturna Island to multiple populated regions gives rise to an overall elevated background level of NO x in this marine region. Nocturnal build up of pollutants can occur in the Strait during stagnation events, due to the wake induced stagnation effect (Brook et al., 2004) . In addition, marine vessels are a major contributor to the total emissions of NO x in the region, especially in the Strait of Georgia. A recent air pollutant emissions inventory of the LFV (Metro Vancouver, 2007) , including mainland and marine regions, indicated that emissions of NO x from marine vessels were 8.4×10 6 kg yr −1 in 2005 or 14% of the total anthropogenic NO x emissions, and are projected to rise in both absolute and relative terms to 13.6×10 6 kg yr −1 , and 30% respectively, by the year 2030. Most of these emissions are in the MBL in the western end of the domain (Fig. 1) . Marine vessels destined for the Pacific Ocean leave Vancouver ports travelling south and generally follow a shipping lane that follows the Canada/USA border leading to the Strait of Juan de Fuca. This brings ocean going vessels to within a few kilometers of East Point, frequently visible throughout the study.
A comparison of the study average nocturnal pattern of NO 2 measured by DOAS, compared to that reported at a few representative monitoring stations in the LFV is shown in Fig. 5 . The mixing ratios of NO 2 at Saturna are on the lower end of the range observed in the Valley. The highest NO 2 levels are observed in the north western portion of the valley, close to the urban region of Vancouver. Station T1, in downtown Vancouver, experiences the highest NO 2 levels of all 19 reporting stations. The levels of NO 2 at East Point are similar to those seen at Station T27 (Langley, BC), a mid valley station 40 km away, 20 km inland from the coast. The nocturnal profile of NO 2 at East Point shows maximum levels in the middle of the night, as do all stations in the valley, typical of continental urban areas. The mainland stations show early morning peaks typical of vehicular traffic that is absent in the East Point profile, confirming the absence of significant vehicular traffic at the site.
The levels of NO 2 measured at East Point were clearly much higher than those simultaneously measured at the CAPMon station on Saturna Island, separated by only 6 km ( Fig. 5 ). There are several explanations for this. First, the East Point site is more representative of the conditions experienced in the marine MBL, being at the confluence of two main stretches of the Strait at the north east tip of the island. The Gulf Islands can act as a physical barrier to surface flow and as such, emissions from marine vessels within the Strait and outflow (land breezes) from the LFV at night are likely confined to the Strait. Evidence for this lies within Fig. 6c , which shows the frequency of wind directions observed at night when winds were not stagnant (>2 km h −1 ). There are two main wind sectors observed at East Point at night. The first is a 50 • sector from 195-245 • , which collectively accounts for 67% of all nighttime observations; here within referred to as the southwest sector. The second sector, the northwest sector, from 285-335 • , accounts for 18% of observations. Collectively, these two sectors account for 85% of all non-stagnant observations, and are aligned with the main directions of the channels of the Strait of Georgia; NW-SE and SW-NE. The NW sector likely contains outflow emissions from Vancouver (Hedley and Singleton, 1997) as well as marine vessel emissions, whereas the SW sector likely contains emissions from Victoria as well as marine vessel emissions. Stagnant conditions were observed 2.6% of the time.
A second reason for the low NO 2 observations at CAPMon versus East Point is related to the differences in site location, including positioning over land or water and elevation. The CAPMon site is positioned inland at an elevation of 200±5 m a.s.l. At night, the site is likely within a surface layer or nocturnal boundary layer that is isolated and decoupled from the surrounding MBL. With few surface sources on the island, the NO 2 levels are low. Winds from the southwest sector approaching the CAPMon site encounter a physical barrier, a 400 m cliff at the west end of the island gradually decreasing to 250 m directly south of the CAPMon site. This physical barrier perturbs surface marine flow, as mentioned previously, and likely further decouples the CAPMon site from surface emissions at night. In contrast, the East Point site has a measurement beam elevation of 15±9 m a.s.l. situated largely within the MBL. It is exposed to surface emissions within the MBL. In addition, vertical mixing over water in the MBL will be slow, especially at night, and thus surface emissions over the water are likely stratified. Figure 6 shows the dependence of the NO 3 and NO 2 observations on wind direction. In general NO 3 showed slightly elevated levels in the SW and NW sectors compared to the other observations. NO 2 showed elevated levels when winds were from the SE quadrant, however infrequently (7.3% of the time), and from the SW sector. It is worth noting that the SE quadrant is the quadrant that contains the closest approach of marine vessels to the tip of East Point, whereas the SW sector aligns with the shipping highways in the lower leg of the Strait of Georgia, Haro Strait, and the City of Victoria.
For the above reasons, we conclude that the site at East Point is representative of a polluted MBL at night that is frequently impacted by emissions from marine vessels and from regional anthropogenic emissions from surrounding urban areas. The NO 2 levels seen at night are similar to those observed in the less populated region of the LFV.
N 2 O 5 and nighttime partitioning
N 2 O 5 was calculated on a sample by sample basis from the known concentrations of NO 2 and NO 3 , along with use of the temperature dependent forward (Reaction R2f) and reverse rate constants (Reaction R2r) taken from recent recommendations (Atkinson et al., 2004) . Temperature data from the meteorological database was used for each coincident observation. Uncertainties in the N 2 O 5 levels have been calculated via propagation of uncertainties in the NO 3 and NO 2 values. There are also uncertainties in the forward and reverse rate constants, and hence, the corresponding equilibrium constant, K. Including a 20% uncertainty in the calculated value of the equilibrium constant, K= k 2f /k 2r (Wängberg et al., 1997b) , the overall relative uncertainty in the calculated N 2 O 5 levels for a single point is ±28% at levels corresponding to the 95th percentile (∼900 ppt). In calculating N 2 O 5 , the assumption is that equilibrium exists between NO 2 , NO 3 and N 2 O 5 . This is generally true under conditions of high temperatures and high NO 2 that promote high turnover times of NO 3 and N 2 O 5 for Reactions (R2f) and (R2r) respectively. For example, using the median overnight temperature of 18 • C, k 2r = 1.89 × 10 −2 s −1 , giving a N 2 O 5 lifetime with respect to thermal decomposition of 53 seconds. Correspondingly, at the same temperature, k 2f = 1.3 × 10 −12 cm 3 molec −1 s −1 , and in the presence of 8.3 ppb of NO 2 (median level), the lifetime of NO 3 with respect to reaction with NO 2 is 4 s. Thus, equilibrium is established very rapidly under these conditions. An additional uncertainty in the calculated N 2 O 5 exists if the NO 3 and NO 2 are not homogeneously distributed along the light path.
Calculated N 2 O 5 mixing ratios had maximum values above 300 ppt every night, ranging from 369-2022 ppt with a median maximum nightly value of 928 ppt, roughly consistent with the 95th percentile of all nighttime observations of 912 ppt. Average and median levels over the course of the night were 244 ppt and 122 ppt respectively. These levels are much higher than typically reported for the summer MBL (Allan et al., 2000; Vrekoussis et al., 2004; Matsumoto et al., 2006; Vrekoussis et al., 2007) , due to the focus of other studies on less polluted locations. On the edge of the Baltic Sea in summer, the occasional N 2 O 5 level up to 2 ppb during pollution events was reported (Heintz et al., 1996) . N 2 O 5 levels of 1 ppb were reported in moderately polluted air off the east coast of the USA, with average N 2 O 5 nighttime levels of 84 ppt in the presence of average NO 2 levels of 4 ppb (Brown et al., 2004) . And in the coastal area of Houston, N 2 O 5 in the MBL was reported in excess of 700 ppt when NO y was approaching 20 ppb . In the present study, the levels of N 2 O 5 are much higher than the levels of NO 3 , with mean and median values of the N 2 O 5 /NO 3 ratio of 16.8 and 13.1 respectively. This high ratio is a direct consequence of the high levels of NO 2 . An important consequence of high N 2 O 5 /NO 3 ratios in polluted air is the potential for increased importance of indirect losses of NO 3 , via reactions of N 2 O 5 . This rationale was noted previously (Martinez et al., 2000) , and is supported by conclusions in a study of the remote MBL, namely that in remote marine air, losses of NO 3 were dominated by direct reactions with DMS, whereas in moderately polluted air, indirect losses of NO 3 via N 2 O 5 reactions usually dominated (Allan et al., 2000) .
Apart (Brown et al., 2003b; McLaren et al., 2004) . A similar diagnostic is the nocturnal partitioning, F(NO x ), among the three equilibrium species in Reaction (R2),
is a measure of the proportion of nitrogen oxide stored in the nocturnal reservoir of NO 3 and N 2 O 5 . High values of F(NO x ) can be indicative of long lifetimes for NO 3 and N 2 O 5 and are expected to increase as temperature decreases, whereas low values of nocturnal partitioning are expected when lifetimes of NO 3 and N 2 O 5 are small. In the current study, the values for F(NO x ) ranged from zero to 20% with average and median values of about 5%, Table 1 . These are comparable to nocturnal partitioning of 5%, calculated from data within the report of the moderately polluted summer MBL (Brown et al., 2004) . The average nocturnal partitioning of 5% in the current study is also consistent with a recent report in which F(NO x ) was less than 10% in the continental nocturnal boundary layer, where short NO 3 lifetimes suggested rapid sinks for NO 3 and N 2 O 5 , but F(NO x ) increased rapidly with height above the nocturnal boundary layer to 35%, coincident with a rapid increase in the NO 3 lifetime with height.
Lifetime and losses of NO 3
Theoretical aspects
A useful parameter to calculate is the lifetime of the NO 3 radical, τ NO 3 . An expression for the apparent lifetime of NO 3 can be derived with knowledge of the known source Reaction (R1), its reversible reaction to form N 2 O 5 (Reactions R2f, R2r), and indeterminate losses of NO 3 and N 2 O 5 such as those shown previously (e.g. Reactions R7-R11). The derivation has been presented previously (Martinez et al., 2000) , with the main assumptions being that the system is in steady-state balance between sources and losses of NO 3 and N 2 O 5 , d [NO 3 ]/dt =d[N 2 O 5 ]/dt =0, and that equilibrium in the NO 2 -NO 3 -N 2 O 5 system has been established. If such is the case, then the steady-state lifetime of NO 3 is defined by:
A recent report (Brown et al., 2003a ) discusses in detail the difference between the assumptions of steady-state and equilibrium, and illustrates convincingly that although equilibrium can be achieved very rapidly, the approach to steadystate can take much longer, on the order of several hours, especially under conditions of high NO 2 and low temperatures. Lifetimes calculated using the steady-state approximation can be significantly biased in such cases, and the conclusions made from analysis of the lifetimes are cast in doubt. Considering the high levels of NO 2 encountered in this study, we found it prudent to calculate lifetimes of NO 3 without invoking the steady-state assumption using a relatively easy approach, but not reported previously to the best of our knowledge. We assume that the equilibrium shown in Eq. (1) 
The only known significant source to the reservoir is the production of NO 3 via Reaction (1):
The losses from the reservoir will occur through external losses of NO 3 or N 2 O 5 that can be parameterized as pseudo first order losses:
where k x and k y are the overall pseudo first order rate constants for NO 3 and N 2 O 5 respectively. Combining Eqs. (4), (5) and (6) we obtain:
The lifetime of NO 3 can generally be defined as the ratio of the concentration of NO 3 to the losses of NO 3 , L NO 3 :
For the combined reservoir, we can define the lifetime of NO 3 , τ * NO 3
, including direct and indirect losses from the reservoir:
Substituting Eqs. (4) and (5) into Eq. (9) we get:
Note that τ * ]/dt are the rates of change due to chemistry alone. The lifetimes will be biased if the changes are due to rapid transport effects, as would also generally be true for steady-state lifetime calculations. In our analysis, we assume that the air surrounding the site is sufficiently homogeneous such that rapid transport effects can be neglected, although there will likely be some times when this is not true, which are difficult to determine without auxiliary data. Other lifetimes can be calculated for the reservoir depending on preference and application. One can define the lifetime of N 2 O 5 , τ * N 2 O 5 , including direct and indirect losses of N 2 O 5 from the reservoir:
In this paper, we focus on the non steady-state lifetime of NO 3 , τ * NO 3
, as it allows comparison to previous studies and also allows us to separate the losses of NO 3 and N 2 O 5 from the equilibrium system as shown below. Dividing Eq. (7) by [NO 3 ] we obtain
or expressed slightly differently, we write
This is the same equation presented previously by others (Allan et al., 2000; Brown et al., 2003a) 
Observations of NO 3 lifetime and losses
The observed distribution of NO 3 lifetimes throughout the study calculated according to Eq. (10) and via Eq. (3) are given in Table 1 . The median values are similar, between 1-1.5 min, although there are differences at the extremes of the distribution between steady-state and non steady-state predictions. The temporal variation of lifetimes calculated using the two methods are shown in Fig. 7 . Surprisingly, the nocturnal patterns look similar although there are subtle differences. During periods when the nocturnal pool of NO 3 and N 2 O 5 is building such as early evening, d [NO 3 ]/dt and d[N 2 O 5 ]/dt are positive, and we would expect the steadystate assumption to predict lifetimes that are shorter than the true lifetime. This is true on average before midnight using the data seen in Fig. 7 , although only marginally so. The reverse would be true during periods when the nighttime reservoir pool is depleting rapidly; d[N 2 O 5 ]/dt and d [NO 3 ]/dt are negative and the steady-state lifetime is expected to be larger than the true lifetime. This trend is somewhat more obvious in Fig. 7 , perhaps due to the lower temperatures during the latter part of the night that slows the kinetics and the approach to steady-state. It is likely that overall, the relatively warm nighttime temperatures encountered in this study (Table 1 ) assist in a more rapid approach to steady-state than that encountered in the previous modeling study by Brown (2003; 12 • C) , where the differences between τ S (NO 3 ) and (k NO 3 ) −1 were more obvious. For example, the thermal decomposition of N 2 O 5 (Reaction R2r), has a rate of reaction that more than doubles by increasing the temperature from 12 • C to 18 • C. It is also true that the shorter lifetimes encountered in this study compared to those in Brown (ie-greater reactivity of NO 3 and N 2 O 5 ) lead to better agreement between the steady state and non steady state assumption. The median and average NO 3 lifetimes of 1-1.5 min and 2-2.5 min calculated here can be compared to other studies in the MBL; ∼4.2 min annual average in the Baltic sea (Heintz et al., 1996) , ∼3 min in the summer Mediterranean (Vrekoussis et al., 2004) , between 1 and 20 min in the north east and central east Atlantic (Allan et al., 2000) , and between 0.2 to 17 min in a coastal region off Germany (Martinez et al., 2000) . A general observation in the above studies is that the lowest lifetimes are observed under the influence of polluted air masses. Our results are consistent with this. Regression of (τ * Nonetheless, as suggested by Eq. (13), the intercept and slope provide overall first order rate constants for loss of NO 3 and N 2 O 5 respectively: k x =0.0087±0.0020 s −1 , k y =5.72(±0.81)×10 −4 s −1 . These can at best be interpreted as average rate constants encountered for the entire study, as undoubtedly, the rate constants would vary depending on many parameters including the air mass origin, air mass history, time of night, temperature and other meteorological conditions. Interpreting the values of k x and k y as study average constants, the relative losses of NO 3 via direct versus indirect losses can easily be determined by comparing the magnitude of k x with k y [N 2 O 5 ]/[NO 3 ]. Using a study central ratio of [N 2 O 5 ]/[NO 3 ] =15 (median=13.1, average=16.8), we determine that 50.4±13.2% of losses of NO 3 are direct, compared to 49.6±9.6% of losses that are indirect through losses of N 2 O 5 . This result is consistent with recent estimates of direct and indirect losses of NO 3 in a study on Appledore Island 10 km off the coast of Maine (Ambrose et al., 2007) .
One approach to remove much of the variability in the previous methodology is to analyze subsets of the data according to time bins. The rationale is that many parameters follow general trend patterns during the night; temperature decreases, relative humidity increases, wind speeds decrease, reactive VOCs decrease, to name a few. Figure 9 shows the results of such an analysis in which hourly binned data from the study are regressed according to Eq. (13) to determine the nocturnal pattern in k x and k y . As can be seen, a dramatic decrease in the value of k x occurs in the first few hours of the night, to values that are zero within statistical error. This apparent decay of k x would be consistent with oxidation and significant depletion of species that have significant reactivity with NO 3 , many of which may have significant daytime fluxes. Ignoring photolysis and the assumed slow heterogeneous loss of NO 3 , the value of k x at night would be given by the following equation:
where k 4 is the rate constant for Reaction (R4) and k 7i,NO 3 is the rate constant for Reaction (R7), that of NO 3 with an individual VOC i . As no ancillary measurements of NO or VOCs were made at the location, we cannot confirm the magnitude of the direct sink of NO 3 from these reactions, although it is known that the region is influenced by NO x emissions from ship plumes (Lu et al., 2006) , large fluxes of DMS (Sharma et al., 2003) , α-pinene , isoprene and a range of anthropogenic VOCs (Jiang et al., 1997) . Temporal profiles in the MBL in other regions indicate that rapid depletion of DMS due to reaction with NO 3 occurs during the first few hours after sunset (Vrekoussis et al., 2004) . Depletions of monoterpenes and isoprene by NO 3 after sunset are also known to occur in continental areas (Geyer et al., 2001; , as are certain reactive anthropogenic hydrocarbons (Dimitroulopoulou and Marsh, 1997). Using rate constants for the reaction of NO 3 with VOCs (Atkinson et al., 2004; Atkinson et al., 2006) , the value of k x observed early in the evening (k x =0.034 s −1 ) would be consistent with individual reactions of NO 3 with 52 ppt of NO, 1.2 ppb DMS, 1.9 ppb isoprene, 219 ppt α-pinene, 4.0 ppb i-butene, ∼100 ppt of any isomer of cresol, or an appropriate mixture of the above. The summer time flux of DMS from the Strait of Georgia has recently been estimated to be 2.2 µmol m −2 day −1 (Sharma et al., 2003) . Using this flux and assumptions of a boundary marine layer height of 100 m, [OH]= 2.5×10 6 molec cm −3 during day, [NO 3 ] = 2.5×10 8 molec cm −3 (10 ppt) at night, k OH,DMS = 6.5×10 −12 molec −1 cm 3 s −1 and k NO 3 ,DMS = 1.1×10 −12 molec −1 cm 3 s −1 (Atkinson et al., 2004) , a simple box model analysis predicts a daytime concentration of DMS that builds to 200 ppt at sunset, followed by a rapid decline over a few hours to a steady-state value of 22 ppt in the latter parts of the night. Combining this information with the early evening value of k x leads us to conclude that DMS is not the main sink for NO 3 in the early evening, although NO 3 is likely the main sink for DMS. Further study with ancillary measurements of VOCs would be needed to confirm the magnitude of the direct sink for NO 3 reported here, and to determine the relative contribution of each hydrocarbon. The value of k y observed in Fig. 9 is roughly constant for the first few hours of the night and then increases in the latter parts of the night. Losses of N 2 O 5 are thought to occur through homogeneous reactions with H 2 O (Reaction R10), with the current uncertain recommendation (Atkinson, 2004) of both a first order and second order dependence on H 2 O based upon recent work (Wahner et al., 1998) , and through heterogeneous reactions on the surface of aerosols to produce HNO 3 (Reaction R9), ClNO 2 (Reaction R11) and Cl 2 (Reaction R12b). The overall pseudo first order rate constant for loss of N 2 O 5 , k y , could be expressed as:
where k 10a = 2.5 × 10 −22 cm 3 molecule −1 s −1 , k 10b = 1.8 × 10 −39 cm 6 molecule −2 s −1 , γ is the uptake coefficient of N 2 O 5 on the aerosol, A is the surface area of the aerosol, R is the gas constant and M is the molecular mass of N 2 O 5 . Based upon measured water concentrations at the site, the magnitude of k homo , given by the first two terms in Eq. (15), was calculated for all observations and has been plotted in Fig. 9 as the dotted line. The last term in Eq. (15) is equivalent to the rate constant for heterogeneous reactions of N 2 O 5 on aerosols, k het , a simplification of the Fuchs and Sutugin equation (Fuchs and Sutugin, 1971 ) for γ <0.1. Without ancillary measurements of aerosol surface area, we are not able to determine the magnitude of the last term in (Reaction R15), although we can estimate it by difference. It is noted that the magnitude of the observed value of k y during the first few hours after sunset is consistent with the homogeneous gas phase hydrolysis rate of N 2 O 5 , k homo . Despite this, our result cannot be used as proof that the homogeneous reaction is indeed occurring at this rate since we do not know k het . Recent field studies have been inconclusive on this point, with one study showing some agreement between observed homogeneous loss rates and the recommended hydrolysis rate (Ambrose et al., 2007) while others have found the recommended homogeneous hydrolysis rate coefficient to be too large .
The value of k y increases after 2 a.m. to values that are statistically greater than k homo , indicating that heterogeneous reactions of N 2 O 5 on aerosols become more significant at this time. The average relative humidity at Saturna increased from ∼68% just after sunset to a maximum of 82% just before sunrise. The timing of the increase in k y at 1-2 a.m. roughly corresponds to the time when the relative humidity increases beyond the deliquescence relative humidity (DRH) point for sea salt aerosols, 70-75% (Tang et al., 1997) . This may indicate that the marine air mass contains dry sea salt aerosols or possibly other types of dry aerosols early in the night. It seems unlikely that the MBL contains locally generated dry sea salt aerosols as the relative humidity was always >50% at night, which is greater than the efflorescence relative humidity (ERH) of sea salt, 43-48% (Tang et al., 1997) , the RH we would expect is needed for production of dry sea salt aerosols. It is possible that the MBL contains dry sea salt aerosols through other mechanisms such as mixing of marine air with dry air through subsidence, or for the marine air mass to have part of its back trajectory over drier terrestrial regions. The latter could be accomplished through classic sea/land breeze recirculation during the day/night that is well characterized in this region (Hedley and Singleton, 1997) . In another study (Vrekoussis et al., 2007) , it was observed that the correlation between ln(τ NO 3 ) and ln(NO 2 ), became more negative as RH increased, taken as evidence that supports the existence of indirect sinks of NO 3 that are related to the presence of water vapor in the atmosphere. We note that while RH increases through the night, the absolute concentration of water is roughly constant, or actually decreases slightly as the night progresses. As such, the results presented here strongly suggest that the increased indirect sinks of NO 3 with increasing relative humidity are not related to the homogeneous loss of N 2 O 5 , but are related to the heterogeneous loss of N 2 O 5 . However, we also observe that the losses of N 2 O 5 via the homogeneous hydrolysis mechanism may not be insignificant, ranging in this study from up to 100% early in the night to a minimum of up to 23% later in the night, although this should be tempered by the uncertain nature of the current recommendation for the homogeneous rate constant of N 2 O 5 with H 2 O.
The values of k y observed here, ranging from zero (within error), to ∼1.6×10 −3 s −1 , are within the range of values of (τ N 2 O 5 ) −1 reported in other studies of calculated N 2 O 5 in the MBL (Heintz et al., 1996; Martinez et al., 2000) . Subtracting k homo from k y (see Eq. 15), we obtain an estimate of k het , which ranges from zero (within error) in the first part of the night to a maximum of 1.2×10 −3 s −1 in the latter part of the night. In the polluted subtropical MBL, Osthoff et al. (2008) modeled their observations of NO x , NO 3 , N 2 O 5 , ClNO 2 and O 3 in order to estimate the magnitude of the overall loss of N 2 O 5 , included a heterogeneous reaction of N 2 O 5 that produces just HNO 3 , and another heterogeneous reaction that produces HNO 3 and ClNO 2 . The observed values of the combined loss coefficient of N 2 O 5 for two case studies they presented were 3×10 −3 s −1 and 1.0×10 −3 s −1 . The maximum values of k y observed in Fig. 9 are within the range simulated by Osthoff et al. (2008) .
Relationship between nighttime chemistry and O 3 formation in the Lower Fraser Valley
To look for a link between nighttime chemistry in the MBL of the Strait of Georgia and ozone formation in the LFV, we performed a semi-observational analysis using observational data of ozone at multiple monitoring stations in the valley and correlating these with overnight integrated concentrations of N 2 O 5 at Saturna. A brief description of the rationale and approach follows. The potential products in the heterogeneous and homogeneous reactions of N 2 O 5 are HNO 3 , ClNO 2 , Cl 2 , and potentially others. 
The rate of production of a product p i , from one of these reactions is given by:
The value of the individual pseudo first order rate constants, k het,i are uncertain and are current source of research interest at this time. For photolabile species such as ClNO 2 , and Cl 2 that have few losses at night, accumulation will occur overnight such that the total accumulated concentration by morning, P i (t), assuming constant conditions, is given by:
Production stops in the morning due to the short lifetime of NO 3 and N 2 O 5 during sunlit hours. It can be seen that the accumulated concentration is proportional to the integral of the N 2 O 5 concentration with respect to time overnight, and proportional to the heterogeneous rate constant that describes the rate of formation of p i from N 2 O 5 . Here we will make the assumption that the overnight integrated concentration of N 2 O 5 at East Point is representative of the general conditions that occur in the MBL of the Strait overnight, and that the overnight integral of N 2 O 5 can be used as a surrogate for the amount of accumulated photolabile species each morning, without knowledge of the individual heterogeneous rate constants, k het,i . The overnight integral was calculated for each night using a summation over the N observations between 8 p.m. and 8 a.m.:
where t end,j and t start,j are the end and start times of the j th observation. The overnight N 2 O 5 integral at East Point ranged from 6.7×10 13 to 4.9×10 14 molecules cm −3 sec, or 0.061-0.444 ppb-nights, where the unit "night" is defined in this context as a 12.0 h overnight period. Before going further, it is interesting to estimate how much ClNO 2 could be produced on such nights in the presence of sea salt aerosol. Using a lower end heterogeneous rate constant for the production of ClNO 2 from a recent study , k het,ClNO 2 = 1.0 × 10 −4 s −1 , we calculate potential ClNO 2 accumulations ranging from 0.26-1.9 ppb over the course of thirteen nights, with a median amount of 0.73 ppb. The question of Cl − availability in the marine aerosol to produce such levels of ClNO 2 arises. To answer this question, we have analysed data from a previous study in the LFV where size segregated aerosol ionic composition was measured at several stations over the course of several weeks. Using 90th to 100th percentiles of the total Na + composition in aerosols measured at Langley and Slocan (close to T27 and T4, Fig. 1 ) as representing diluted marine air, and applying a Cl/Na molar ratio of 1.17 in sea water (Seinfeld and Pandis, 2006) , we estimate that the Cl − content of the marine aerosol in the Strait contains minimum levels of 0.8-1.3 ppbV chloride, expressed as a gas mixing ratio for suitable comparison. Measured accumulations higher than this would need to invoke other mechanisms of ClNO 2 formation such as uptake of HCl on Cl − deficient sea salt aerosols , or the more recent report of heterogeneous reactions of N 2 O 5 and HCl on surfaces (Raff et al., 2009) .
Another approach we could use to estimate the overnight accumulation of ClNO 2 is taken from the modeling study by Simon et al. (2009) . They used the observation from Osthoff et al. (2008) that 11-61% of the source of the nighttime NO 3 /N 2 O 5 reservoir, namely Reaction (R1), is converted to ClNO 2 . They used the lower estimate of 10% and a modified reaction as a source of ClNO 2 in their model, NO 2 +O 3 → 0.9 NO 3 + 0.1ClNO 2 +O 2 . In a similar way, and using a lower limit conversion of 11% from Osthoff et al. (2008) , we calculated ClNO 2 accumulations from the integral, ClNO 2 (t) = 0.11
Using this second approach, we calculated overnight ClNO 2 accumulations ranging from 0.31-1.6 ppb, with a median amount of 0.77 ppb, similar to the estimate by the first method. Nevertheless, the first method is more desirable since it is directly linked to the reactant N 2 O 5 , and would not suffer from cases of strong direct losses of NO 3 in the marine boundary layer that do not lead to production of ClNO 2 . Both methods for estimating ClNO 2 accumulations suffer from very uncertain observational parameters, either the heterogeneous rate constant to produce ClNO 2 or the overall conversion efficiency, in addition to being unconstrained by actual observations of photolabile halogen species. In the methodology to follow, we examine links to ozone formation using overnight integrals of N 2 O 5 . The effect, if any, of overnight accumulated photolabile species will be experienced in the LFV the next day only if there is transport of marine air from the Strait into the valley. Meteorological observational data from 6 stations (see location in Fig. 1 ) in the valley were examined to look for evidence of a sea breeze each day. A sea breeze in this region has been identified similar to that of others , through examination of the wind direction (WD) vectors:
To assess transport of marine air from the Strait into the LFV, a simple criterion was applied that required evidence of sustained inflow for several hours, with wind speeds >5 km h −1 , at all 6 stations the following day. Considering 13 nights when overnight integrals of N 2 O 5 were available, sea breezes were observed on 9 of the days that followed, with 4 of the days showing either no evidence or only partial evidence of a sea breeze. The 9 nights retained for subsequent analysis included 24/25, 25/26, 26/27, 27/28, 31 July/1, 1/2, 3/4, 5/6 and 6/7 August. The average wind vectors for afternoon hours on the 9 days when the sea breeze was well developed ( )   T01  T09  T12  T17  T27  T33  SAT-CAP   T01   T09   T12   T17   T27   T33 to those stations further inland (i.e. -Abbotsford and Hope). It should also be mentioned that there is evidence from previous studies in this area that sea salt aerosols are carried by the sea breeze very far inland, further than Abbotsford. These aerosols show classic Cl − deficiency compared to Na + due to heterogeneous reaction with N 2 O 5 at night and/or HNO 3 displacement reactions during the day Anlauf et al., 2006) . In the semi-observational approach, regression analysis was performed separately for each monitoring station in the domain. Regression analysis was performed between the maximum 1-h average O 3 values at a station on the day following each overnight period and the corresponding overnight N 2 O 5 integrals, our surrogate for nighttime chemistry and accumulated amount of photolabile species. An example of the regressions for a few representative stations is given in Fig. 10 . Linear regression analysis was used to determine the slope of the relationship, dO 3 /d∫[N 2 O 5 ]dt. A zero slope indicates no effect (null hypothesis) while a positive slope of statistical significance indicates that there is a correlation between the overnight N 2 O 5 integral at East Point and ozone formation at the station the following day. We refer to the next day as Day+0.5 since it follows ∼12 h after the nighttime period. Most of the stations shown in Fig. 10 indicate a positive correlation between O 3 and integrated N 2 O 5 , although only one station (T33) has a slope that is statistically different from zero at the 90 percent confidence level. The correlations are weak in general, with r 2 ranging from close to zero for stations that have negligible slopes (e.g. T01: r 2 = 0.0015), to r 2 = 0.28 for station T33 in Abbotsford. At Abbotsford, this indicates that while the correlation is statistically significant, only 28% of the variance in peak ozone levels can be linked to a relationship with nighttime chemistry in the marine boundary layer. This might be expected as there are many other important variables that contribute to ozone formation. The number of stations showing a positive correlation though, can add confidence that there is a real effect; 18 of the 20 stations show a positive correlation (Table 2 ). An average correlation for all the stations in the LFV gives more statistical confidence, indicating that the average value of the correlation, dO 3 This gives us a range of O 3 = +1.1 to +8.3 ppb O 3 (peak average hourly) for an average station in the LFV. We expect values outside this range for individual stations as there will be variation in the effect dependent on the location of the station. The positive relationship between overnight integrated N 2 O 5 and maximum O 3 the next day when there is a definitive transport of marine air into the LFV can be explained in many ways. As suggested previously, the photolabile products of the heterogeneous reaction of N 2 O 5 on sea salt aerosols, such as ClNO 2 and Cl 2 , can photolyze upon sunset to produce Cl atoms (Reaction R14). The Cl atoms, being very reactive, will react with reactive hydrocarbons to produce alkyl radicals, R. and HCl (Reaction R15). Following this, the reaction sequence will lead to ozone formation following the well known photochemical O 3 formation mechanism, including generation of peroxy radicals (Reactions R16), oxidation of NO to NO 2 and production of alkoxy radicals (Reactions R17), photolysis of NO 2 to produce oxygen atoms (Reactions R18), which then combine with molecular oxygen to form O 3 (Reactions R19).
Several recent modeling studies have tried to estimate the amount of ozone that would be generated by a realistic influx of Cl atoms into coastal domains, either from ClNO 2 or Cl 2 , and more recently from ClNO. The range of ozone effects that have been published, O 3 , range from +1.0 ppb to +9 ppb for ClNO 2 in Houston Simon et al., 2009 ), +4 to +12 ppb for Cl 2 in the California South Coast Air Basin (Knipping and Dabdub, 2003) , and up to +40 ppb for ClNO in regions downwind of Los Angeles (Raff et al., 2009) . It is understood that there are vast differences in the models, modelling approaches, and assumptions about the emission rates of the photolabile species in these models.
To further test the null hypothesis, the regression analysis was extended to include the maximum hourly O 3 formed at each station for the two days previous, and the two days following the next day after the nighttime accumulation. We describe these as Days −1.5, −0.5, +0.5, +1.5 and +2.5 with the central day, Day +0.5, referring to the daytime period immediately following a nighttime accumulation. In a similar way as described for the initial Day +0.5 case, the average response for all stations was calculated. The average response for all the stations as a function of day is presented in Fig. 11 , with error bars indicating the standard error (1σ ). The results for the station by station regressions are shown for Day +0.5 and Day +1.5 in Table 2 . The results presented in Fig. 11 indicate that there is a positive effect on Day 0.5 as previously discussed, and an almost equivalent effect on Day 1.5, with the effect disappearing by Day 2.5. As we will see shortly, the residual effect on Day 1.5 is spatially different than that seen on Day 0.5. Furthermore, while the average effect at the stations is the same or marginally less on Day 1.5 compared to Day 0.5, many of the correlations on Day 1.5 (see Table 2 ) are much higher than Day 0.5, with 7 stations showing a statistically significant effect at 90% confidence, This also adds confidence that the higher ozone in the LFV is caused by nighttime chemistry in the Strait, and is not just casually correlated with it. There are many possible explanations for a residual effect on Day 1.5. A comparison of the spatial variability of dO 3 /d∫[N 2 O 5 ]dt on Day +0.5 and Day +1.5, Fig. 12 , will enlighten this discussion. On Day 0.5, there is a general trend of low correlation for stations close to the coast, especially around the urban area of Vancouver, and larger correlation downwind in the valley. The largest effect is seen between Abbotsford and Chilliwack. Using wind vectors established previously, we estimate average transport times from the coast to Abbotsford and Chilliwack of 5-8 h and 8-10 h respectively during days with sea breezes. The larger effect seen at these stations is likely the result of chemical amplification that occurs with longer reaction times. Although reactive photolabile species would long be depleted by the time air is transported to these sites, the effect of a morning burst of radicals coincident with a morning sea breeze developing close to the coast will contribute more significantly to ozone formation as time proceeds. The small effect seen at coastal stations is likely the result of the shorter transport time from the coast. It is also noted that on Day 0.5, there is a cluster of increased effect along the north side of Vancouver (stations T4, T9, T14, and T32) . This is an area concentrated in with industrial activity including refineries. It is suspected that increased VOC emissions in this area could be responsible for the increased effect.
The spatial variability of the correlation on Day 1.5 is very much different than the previous day. Many of the coastal stations that showed no effect on Day +0.5 have a pronounced effect on Day 1.5. All seven stations that show a statistically significant correlation on Day 1.5 are in the western end of the domain, and have correlations with r 2 ranging from 0.31-0.55. Another observation is that the downwind stations in the eastern side of the domain show a reduced effect on Day 1.5 compared to Day 0.5. This suggests that a different mechanism is likely responsible for the positive values of dO 3 /d∫[N 2 O 5 ]dt on Day 1.5 compared to Day 0.5. Since there is little effect on Day 0.5 for coastal stations, and the marine air laden with overnight products is carried east into the valley on that day, it would suggest that an effect on Day 1.5 can only be seen at the coast if the air is transported back down the valley. This could be accomplished by a day time sea breeze circulation in an elevated layer, or a land breeze circulation at night in the surface layer. In either case, the effect is likely a transport effect, whereby high concentrations of photochemical products including O 3 from the previous day, are transported back to the coast. It is possible that ozone and other products are present in a residual layer that mixes downward upon inversion breakup, contributing to enhanced O 3 formation at the coastal stations on Day 1.5. The reduced value of dO 3 /d∫[N 2 O 5 ] dt at the eastern downwind stations on Day 1.5 indicates the first sign of a dampening of the effect, which disappears altogether on Day 2.5 (see Fig. 11 ).
It should be noted here that while our observation of a correlation between overnight N 2 O 5 and increased O 3 in the valley is consistent with a mechanism linked to the production of chlorine containing photolabile species, it is not proof that such a mechanism is operating. There are other plausible reasons that such a correlation may exist. Firstly, it is possible that other chemical species are involved. For example, increased production of HONO on nights with high N 2 O 5 would produce a similar effect, as HONO is known to be an early morning source of OH. Other meteorological effects could also be responsible for such a correlation. For example, regional stagnation associated with high pressure systems could result in increased NO x and N 2 O 5 in the marine boundary layer overnight while simultaneously producing increased ozone on a regional scale. We cannot disprove such mechanisms in the current study. In future, measurements of photolabile species in the region as well as photochemical modelling efforts will be necessary in order to investigate the relative importance of all such effects, and ultimately to determine the role of chlorine-containing photolabile species in production of O 3 in polluted marine environments.
Conclusions
We report measurements of NO 3 , NO 2 , O 3 and calculated values of N 2 O 5 in the polluted MBL. Median overnight levels of NO 2 , NO 3 and N 2 O 5 were 8.3 ppb, 10.2 ppt and 122 ppt, respectively. The range of NO 2 , NO 3 and N 2 O 5 levels were within the range of other reports in the moderately polluted MBL, although the study median and average overnight levels of NO 2 and N 2 O 5 are higher than other studies, indicative of high NO 2 . Despite this, the median and average levels of NO 3 were similar to other moderately polluted MBLs, an indication of the dependence of both NO 3 formation and loss to form N 2 O 5 , on the amount of NO 2 . The median and average values of the N 2 O 5 /NO 3 ratio were 13.1 and 16.8 respectively, much higher than seen in the clean MBL. Although this would lead to an expectation that losses in the N 2 O 5 /NO 3 reservoir would be dominated by losses of N 2 O 5 , we estimate that direct and indirect losses of NO 3 in the nocturnal reservoir are about equal. Our results also suggest there are reactive VOCs in the polluted MBL in this region, although further ancillary measurements of VOCs would be needed to support this suggestion.
We have used the argument that fast turnover times of NO 3 and N 2 O 5 ensure that equilibrium is maintained in the NO 2 /NO 3 /N 2 O 5 system due to warm overnight temperatures. The steady-state assumption could not be assumed however, due to high levels of NO 2 . Non steady-state lifetimes of NO 3 were calculated using an expression that incorporates the derivatives d [NO 3 ]/dt and d[N 2 O 5 ]/dt. The non steady-state lifetimes of NO 3 were compared to steadystate lifetimes calculated using the common methodology. In general, there are differences such that steady-state lifetimes underestimate the true lifetime in the early parts of the night when the nocturnal reservoir is increasing, while the reverse is true in the latter parts of the night when N 2 O 5 and NO 3 are depleting. Despite this, the overall distribution of NO 3 lifetimes observed throughout the study are somewhat similar, with median and average lifetimes in the range of 1.1-2.3 min. This should not be taken as a general observation though. The approach we have outlined here for calculating non steady-state lifetimes would be ideally suited for high temporal resolution measurements of NO 3 and N 2 O 5 in polluted regions via new instrumental methods such as cavity ringdown spectroscopy.
The use of non steady-state lifetimes of NO 3 , adds confidence to our method for the determination of losses from the nocturnal reservoir as a function of time during the night, especially the separate determination of the direct and indirect loss coefficients, k x and k y respectively. Our results show that direct losses of NO 3 , likely through reactions with VOC's, are high early in the night, dropping off significantly as the night proceeds and consistent with a depletion of reactive VOCs in the MBL. It is unlikely that DMS can account for all these losses based on reported fluxes of DMS in the region. The magnitude of the loss coefficient for N 2 O 5 , k y , is roughly consistent with recommended rates for the homogeneous reaction of H 2 O with N 2 O 5 early in the night, although it could also be a heterogeneous loss. Values of k y rise in the latter part of the night, roughly coincident in time with an increase in the relative humidity past the deliquescence relative humidity of sea salt. The increase in k y with increase in relative humidity is consistent with increased loss of N 2 O 5 via heterogeneous reactions on deliquesced aerosols. The highest levels of the observational rate constant that we attribute to reaction of N 2 O 5 on aerosols are in the range, k het = (1.2 ± 0.4) × 10 −3 s −1 − (1.6 ± 0.4) × 10 −3 s −1 , (excluding or including homogeneous loss component, respectively), consistent with other recent reports for heterogeneous loss of N 2 O 5 in the marine boundary layer.
Using a semi-observational approach, we find evidence for a link between nighttime chemistry in the marine boundary layer and ozone formation in the Lower Fraser Valley. Correlations between overnight integrated N 2 O 5 measured at Saturna Island, and maximum 1-h ozone measured at stations in the Lower Fraser Valley the next day, were computed for a data set that only included nights when the next day showed a definitive sea breeze indicating transport of marine air into the valley as determined by observations at six meteorological stations within the valley. To rule out the possibility of a random link in the correlations, the correlations were also calculated for the maximum ozone on the two days preceding, and the two days following the day after a nighttime accumulation. The analysis indicated that there are statistically significant positive correlations between integrated N 2 O 5 at Saturna and maximum 1-h ozone only on the two days following the nighttime accumulation. Positive correlations were non existent on the other three days. The magnitude of the average valley wide correlation on the day after (Day +0. 5 night −1 , which corresponds to an increase in peak ozone, O 3 = +1.1 ppb to +8.3 ppb, when we take into account the range of overnight integrals that were observed during the study
The spatial pattern of the correlations is presented for each day and appears to be different. On the day after (Day +0.5), insignificant effects were seen at stations closest to the coast in urban areas of Vancouver, while the largest effects, up to 50 ppb O 3 ×ppb N 2 O −1 5 night −1 , were seen at stations far down the valley. On the next day (Day +1.5), the coastal stations showed statistically significant effects while the correlations at the downwind stations were reduced. We interpret the above spatial effects as evidence of transport of marine air down the valley on the day after (Day +0.5), with increased chemical amplification in O 3 as transport time increases. The mechanism responsible for the increased O 3 may include the photolysis of photolabile species that accumulate overnight to produce Cl, which contributes to enhanced photochemical ozone formation via VOC oxidation, although other mechanisms are possible. The mechanism of the second day (Day +1.5) is likely related to transport of polluted air back to the coast. The exact mechanism on the second day is not known, but it is plausible that it involves downward mixing of air in a residual layer that contains elevated O 3 and other precursors left over from the previous day.
While we see evidence for a correlation between nighttime chemistry in the marine boundary layer and maximum ozone in the valley, our analysis does not provide definitive proof that photolabile species are causing the effect. Further measurements of photolabile chlorine species in this or similar polluted marine environments and/or other evidence of Cl radicals being involved in the oxidation of VOCs would be needed to confirm this.
